Background: cAMP-dependent protein kinase (cAPK), a ubiquitous protein in eukaryotic cells, is one of the simplest members of the protein kinase family. It was the first protein kinase to be crystallized and continues to serve as a biochemical and structural prototype for this family of enzymes. To further understand the conformational changes that occur in different liganded and unliganded states of cAPK, the catalytic subunit of cAPK was crystallized in the absence of peptide inhibitor.
Introduction
The protein kinases are a large and diverse family of enzymes that are critical for many signal transduction pathways in eukaryotic cells [1] . cAMP-dependent protein kinase (cAPK), one of the smallest and simplest protein kinases, serves as a template for the entire family because all share a conserved catalytic core [2] . The structure of the catalytic subunit (C) of cAPK revealed a bilobal structure with ATP binding at the base of the cleft between the two lobes and peptide binding at the edge of the cleft [3, 4] . A set of 11-12 essentially invariant residues that are spread throughout the conserved core are positioned in an identical way in all of the protein kinases. Although some of these residues appear to play a purely structural role, most cluster around the active-site cleft and contribute either to nucleotide binding or phosphoryl transfer.
To understand the role of these conserved residues and to appreciate the extensive network of interactions that permeates the catalytic core requires a variety of approaches that include fluorescence, kinetic and mutational analysis [5, 6] . These solution methods are essential. Crystallography, on the other hand, provides a view of fixed conformations. The numerous binary and ternary complexes of the C subunit solved so far provide evidence for both 'closed ' and 'open' conformations [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] , and demonstrate the flexibility of the enzyme. Kinetic analysis of the reaction pathway shows the importance of this flexibility. Binding of substrates induces a conformational change that leads to a closing of the active-site cleft. Phosphoryl transfer is very fast (500/sec) while the slower (20/sec) rate-limiting step is product release, which also includes the conformational changes that lead to the opening of the cleft [14, 15] .
We describe here a binary complex of the mouse recombinant catalytic (rC) subunit and adenosine (rC . Ade). This is the first structure of the C subunit that has been solved with no bound peptide. The structure reveals that the conformation of the ledge on the large lobe, on which the peptide docks, does not change as a consequence of substrate binding; it is a static docking surface. The substrateinduced conformational changes necessary for catalysis are thus entirely a consequence of movements in the small lobe. The structure described here represents an intermediate conformation, between the previously described closed and open conformations, and allows us to dissect more carefully the specific movements within the subdomains of the small lobe that enable the cleft to close or open. The abbreviations used to represent the complexes discussed here, and their available accession numbers, are given: rC-PKI(5-24) (rC 
Sp
. ADP); and rC-PKS(5-24)* (rC-Sp*) (also see Table 1 ).
Results

Description of the enzyme structure
The different phosphorylation states of the C subunit correspond to multiple isozymes. Isoform II of rC has 350 amino acids (M r ∼40,000) with 3 autophosphorylation sites, Ser10, Thr197 (termed here Thp197) and Ser338 (termed Sep338) [16] . In the final refined protein atomic coordinates, residues 1-11 are missing due to disorder. The protein molecule consists of a smaller N-terminal domain, having predominantly β structure, and a larger Cterminal domain comprised largely of α helices (Figure 1 ), similar to the previously described rC structures [2] . The enzyme is in an intermediate conformational state, as compared to the closed and open conformations previously solved (see sections on ligand-induced conformational changes and the active-site cleft for details) [8, 9, 12] .
Different types of β turns are found in the regions of chain reversal and many of the invariant residues that contribute to enzyme function are located in these loops. Table 1 summarizes the different loops with their associated functions and mean B factors. The structure, in the context of these conserved and variable loops, is described below in some detail. The extended chain that links the nonconserved A helix to the first structural element of the small lobe, strand β1, is anchored firmly to the small lobe. Strands β1 and β2 form a β hairpin with the turn at residues 53 and 54. The glycine-rich sequence (Gly50-ThrGly-Ser-Phe-Gly55) of this loop is a highly conserved feature of all protein kinases and is referred to as the 'glycine-rich loop'. A type IV bend at residues 62-65 links β2 to β3; this segment, β1-β3, functions as a highly conserved nucleotide-positioning motif. β1-β3 is then connected to the helical segment in the small lobe containing helices B and C. The C helix occupies a critical place at the active site cleft which will be discussed later. A long loop (eight residues) containing a type I β turn at residues 922 Structure 1997, Vol 5 No 7 EF→F  212-216  irregular  57, 42  Interacts with the catalytic loop  F→G  234-242  irregular  48, 30  P-11 pocket  G→H  253-262  I  37, 54  -H→I  274-287  inverse γ, II, VII  36, 48  -I→J  294-301  III  43, 50  -J→Phe350  308-350  extended, II  58, 53 Covers adenosine-binding pocket
The β strands and α helices are labeled sequentially as β1, β2 etcetera and A helix, B helix and so on, respectively. The arrow denotes a loop between the secondary structure elements. The 3 10 helices are also considered part of loops. *The secondary structures are contiguous. The turns of type I, II, III, IV, and VII refer to β turns [58, 59] , and the γ turns were based on the classifications of Millner-White et al., [60] . † The two numbers refer to rC . Ade and rC . I . Ade complexes, respectively, the B factors were averaged over mainchain atoms. ‡ Indicates the presence of a conserved loop in the structure.
100-103 connects the C helix with strand β4. This loop is packed firmly against the large lobe. Strands β4 and β5 form another β hairpin, where the loop is variable. The two β hairpins and the middle strand β3 form an antiparallel twisted β sheet. Strand β5 is followed by a linker region (121-127) which contains two highly conserved glycine residues and is the only mainchain entry point into the large lobe in the conserved core. Except for the B helix the secondary structure elements of the small lobe are conserved in all other protein kinase structures reported to date [17] [18] [19] [20] [21] [22] [23] . The conserved loops in the large lobe have been described previously [24] and are defined structurally in Table 1 .
The nucleoside-binding site
Adenosine is bound to a distinctive protein kinase nucleotide-binding fold, which includes the glycine-rich loop, with interactions essentially similar to those observed in the ternary complex rC
Ade [12] . In this binary structure, however, unlike in the ternary complexes, the ribose portion of the adenosine is solvent accessible due to the partial opening of the cleft by the glycine-rich loop and the absence of shielding by the peptide inhibitor ( Figure 1 ). The adenine ring fits snugly into the hydrophobic pocket at the junction of the two lobes. The purine base forms three hydrogen bonds, as shown in Figure 2 . The ribose adopts a major C3′-endo pucker and assumes an anti (χ = -143°) conformation with respect to the adenine base. The exocyclic hydroxyl O3′ of the ribose donates a hydrogen bond to the carbonyl of Glu170 (3.1 Å), but the 2′-OH is too far from the carboxylate of Glu127 to form a hydrogen bond as it does in the rC .
I
. Ade ternary complex. In the ternary complex Glu127 interacts with the O2′ in the ribose, the P-3 Arg in PKI(5-24) (see Figure 3 legend for explanation of peptide inhibitor nomenclature), and Tyr330 in the C-terminal tail via a water molecule [12] . There is no evidence for this ordered water molecule in the binary structure. Thus in the absence of the peptide this coordination is not achieved. The torsion angle C3′-C4′-C5′-O5′ corresponds to a different rotomer from that found in the ternary complex of rC, peptide inhibitor and Mg ATP; PDB code, 1atp) [4] .
The triphosphate/metal ion binding subsite
Several attempts to crystallize an rC . ATP complex were unsuccessful (NN, unpublished results). This may in part be due to the slow ATPase activity of the enzyme. The divalent metal ions in cAPK are involved in interactions with the phosphates of ATP, and are known to serve multiple roles in enzyme catalysis and product dissociation [25] . In the rC .
Ade binary complex the triphosphate group is missing; this space is exclusively filled by solvent. In order to understand the binding mode of the ATP co-factor, the missing triphosphate group was modeled into this subsite using the coordinates of rC .
I
. ATP [4] . Except for the van der Waals' interactions between the triphosphate moiety and the glycine-rich loop, in the binary complex the triphosphate and the divalent metal ions can maintain interactions with the enzyme similar to those in rC
ATP [4] . The enzyme residues require only minor conformational changes in the sidechains (Lys72, Glu127, Asn171 and Asp184) to form stable interactions with the modeled phosphate groups. In the absence of the triphosphate group and the peptide inhibitor, the glycine-rich loop is shifted away from the large lobe. This results in fewer van der Waals interactions with the modeled triphosphate group. The torsional angle C3′-C4′-C5′-O5′ is significantly different in the ATP molecule (74°) [4] than compared to that in the adenosine containing complexes (-38°, rC clusters and the enzyme, and is required to prevent stereochemical clashes with the enzyme.
The peptide-binding site
In all the previously determined structures of rC and the myristylated catalytic subunit (mC) [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] , with the exception of the low-resolution apo mC structure [8] , the enzyme is in a complex with the peptide inhibitor, PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , or a substrate analogue of PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) [11, 12, [26] [27] [28] . As summarized in Figure 3 , in the absence of the petide inhibitor the extensive docking surface is unchanged even though the contact surface involves several loops that link elements of secondary structure. Loops that specifically contribute to peptide recognition, including the catalytic and the P+1 loops, do not change. The P+1 leucine sits in a hydrophobic pocket comprised of the sidechains of Leu198, Pro202 and Leu205. The P-2, P-3 and P-6 arginine residues of the peptide inhibitor make ionic interactions with the glutamate residues 170 and 230, 127, and 203, respectively. Three of these residues are in loops: Glu127 in the linker, Glu170 in the catalytic loop and Glu203 in the P+1 loop. The P-11 phenylalanine of the inhibitor is located in a hydrophobic pocket consisting of Arg133, Tyr235, Pro236 and Phe239. A stretch of residues, 235-239, links helices F and G. In essence the peptide-binding region is in place and ready to receive the peptide without the need for any conformational changes within the large lobe of the enzyme (Figures 3c and 3d ). The preference for P-2, P-3 and P-6 arginines is explained by the complementary negatively charged surface at the active-site cleft.
The active-site cleft
The wedge-shaped active-site cleft is located between the upper (small) and lower (large) domains. The slender edge is near the linker region (residues 121-127) which is termed the base of the cleft. The outer thicker edge is positioned towards the residues Lys83 in the small lobe and Leu198 in the large lobe and can be described as the mouth of the cleft. The upper and the lower surfaces of the active-site cleft are lined by the residues from the small and large lobes, respectively. One side of the cleft is masked by the C helix in the small lobe. In the standard view shown in Figures 3a and 3b , this C helix forms the 'back' side of the cleft. The nucleoside is bound deep within the cleft; the outer edge of the cleft is the binding site for the peptide inhibitor ( Figure 1 ) [7, 11] .
Interdomain spacing
In this discussion we use three distinct parts of the molecule and their relative positions to define the overall conformation of the molecule. Three regions of the molecule and their juxtaposition can be said to describe the degree of 'openness' of the structure (S Shaltiel et al., unpublished data): the interaction between His87 and Thp197 at the mouth of the cleft interface, including the relative orientation of the small lobe with respect to the large lobe; the position and degree of disorder of the glycine-rich loop at the top of the cleft; and the C-terminal tail which covers the front of the cleft (Table 2 ). Prior to this study, all the rC complexes studied had exhibited a 'closed' conformation [12] . The native mC and the binary mC 
ATP complex for the closed conformation
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Figure 2
The adenosine-binding pocket. (a) The difference Fourier map is contoured at six standard deviations and was computed using the Fourier terms (F o -F c )e iα , where F o and F c are the observed and calculated structure-factor amplitudes, respectively, and α is the calculated phase using the final TNT refined model without adenosine. The refined adenosine molecule is superposed on the electron density. Table 2 for details on some characteristics of domain motions.
Interdomain interactions
The C helix, comprised of residues 85-95 in the small lobe, fills the back surface of the active-site cleft and is
Research Article Complex of the C subunit of cAPK and adenosine Narayana et al. 925 Table 2 Some parameters describing global conformation. The electrostatic potential surface around rC displayed at the level of the solvent-accessible surface. The electrostatic potential was computed at neutral pH using the program GRASP [62] . The charge distribution is colorcoded with blue for positive (≥ 10 kT/e), red for negative (≤ -10 kT/e) and white for neutral, where k is the Boltzmann constant, T is the temperature, and e is the electronic charge. (shown in yellow stick formation) in the ternary rC . I . Ade complex [12] . PKI(5-24) corresponds to residues 5-24 (TTYADFIASGRTGRRNAIHD) in the heatstable protein kinase inhibitor PKI [63] . PKS (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) represents the substrate peptide where residues N20 and A21 in PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) are changed to AS. PKS(5-24)* represents the same peptide phosphorylated at Ser21. The letter P denotes the Ser21 phosphorylation site in the substrate peptide, sites N-terminal and C-terminal to this are represented as P-1 and P+1 etcetera. The P-2, P-3 and P-6 arginine residues of the inhibitor PKI(5-24) are bound to the negatively charged surface on the large lobe.
involved in hydrogen bonding and numerous van der Waals' interactions with residues in the large lobe, as well as with residues in the nonconserved N-terminal and Cterminal segments that flank the conserved core. His87 is within hydrogen-bonding distance of Thp197 and in van der Waals' contact with Arg165, both in the large lobe. There are also van der Waals' interactions between the C helix and the Asp184-Phe185-Gly186 (DFG) loop in the large lobe. In addition to these interactions with the large lobe, the C helix interacts (via Arg93) with Trp30 in the nonconserved A helix, which spans both lobes of the protein kinase core [29, 30] . Finally, the C helix makes an electrostatic contact with the C-terminal carboxylate which is buried in the small lobe. Thus residues in the C helix play a prominent role in holding different segments of the enzyme, widely separated in the amino acid sequence, in a folded, active conformation. The C helix also includes the conserved residue Glu91 which interacts with another conserved residue Lys72 in the formation of an ion pair. This ion pair links the two major conserved elements of secondary structure in the small lobe, the β sheet and the C helix. The Lys72, in turn, bridges the α-and β-phosphates of ATP. Figure 5 shows how key residues from different segments of the enzyme interact with the C helix. Both the glycine-rich loop (via Phe54) and the C helix help to position the DFG loop and thus the γ-phosphate of ATP. The C helix in the present structure resembles the conformation it assumes in the closed conformation. 
Ligand-induced conformational changes
The rC subunit has three flexible segments: the first 10-15 residues at the N terminus; the glycine-rich loop; and a section of the C-terminal tail (315-334) which crosses the active-site cleft from the large lobe to the small lobe. The flexibility of these segments is highly dependent on what ligands are bound. Specifically, both the glycine-rich loop and the C-terminal segment are well ordered in the rC .
I and rC
.
I
. ATP complexes [3, 4, 13] . As discussed later, a segment of the C-terminal tail (315-334) appears to function as a gate for nucleoside/nucleotide entry or exit.
The C-terminal domain is involved in extensive intradomain hydrogen bonding and hydrophobic interactions which contribute to the stability of the core. Least-squares superposition of the Cα atoms of the large lobe (residues 128-300) in the different rC and mC complexes gives a root mean square deviation (rmsd) in the range 0.5-1.0 Å. There are no systematic shifts and no major deviations in any segment of the superposed large lobes. Therefore, the origin of the observed rmsd of about 0.5 Å may be attributed to errors in the atomic coordinates, the varying resolution of the structures, and true minor conformational changes in the different complexes. In rC the small N-terminal lobe has about twice as many hydrogen bonds between the secondary structure elements as does the large C-terminal lobe. During the transition from open → intermediate → closed conformational state, these hydrogen bond interactions in the β sheet are preserved, allowing for the concerted motions of the secondary structure elements in the smaller domain. This structural setting favors cooperative shifts in the polypeptide segments without much expense of energy. The short extended peptide segment, residues 121-127 including the conserved glycine residues 125 and 126, which connects the two domains has the capability of hinge bending, as described below.
Analysis of the transition from open → intermediate → closed forms
Some aspects of domain movements between the open and closed conformational states were described previously [10] . Comparison of the different structures, with respect to closure or opening of the active-site cleft, is appropriately done by superposition of the equivalent residues in the conserved large lobe [10] . The relative orientation of the A helix (residues 15-31) with respect to the large lobe 
I
. ATP) by rigid-body transformations using the algorithm developed by Diamond [31] . In this superposition the small lobes in the mC 
Crystal packing
The molecules in the crystal of the rC .
Ade binary complex are arrayed in chains of molecules related by crystallographic 2 1 axes along the unit cell axis directions (a, b and c). There are 33 contacts less than 4 Å apart and five hydrogen bonds between adjacent molecules along the 2 1 axis parallel to b; and there are 31 close contacts and five hydrogen bonds between adjacent molecules along the 2 1 axis parallel to c. There are, however, no close contacts between adjacent molecules along the 2 1 axis parallel to a. Therefore, the molecules are primarily held together by intermolecular interactions along the b and c directions. There is one dominant contact region between the enzyme Research Article Complex of the C subunit of cAPK and adenosine Narayana et al. 927
Figure 5
The environment of the C helix. Residues in the C helix interdigitate with residues in the large lobe. In addition, the C helix residues (85-95) are involved in important interactions with different segments of the enzyme which are widely separated in amino acid sequence. The conserved residue Glu91 interacts with another conserved residue, Lys72, which in turn ion pairs with the α-and β-phosphates of ATP. Thus, the C helix plays a central role in folding the protein into an active conformation as well as in enzyme catalysis.
molecules along the b direction, where residues 133, 134, 190, 192 and 194 are in close proximity of the symmetryrelated residues 196, 241 and 328. This was also the binding region for residues P-8 (serine), P-9 (alanine) and P-10 (isoleucine) of the peptide inhibitor PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) in the structures of binary and ternary complexes [7, 12] . The NH1 and NH2 of Arg190 hydrogen bonds with Oδ2 of Asp241. Nε of Arg194 interacts with Oδ1 and Oδ2 of 328, and NH1 of 194 hydrogen bonds with Oδ2 of Asp328. The consecutive arginine residues 133 and 134 in the D helix stack hydrophobically against the nearby symmetry-related Trp196. This interaction was noted previously in different crystal forms of both rC and mC complexes [10, 12] , suggesting an important role for Arg133, Arg134 and Trp196 in protein-protein interactions. Trp196 is a major determinant for the recognition of the regulatory (R) subunit of cAPK, but not for PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) [32] (RM Gibson, et al., personal communication). Arg133, on the other hand is a major determinant for the recognition of PKI(5-24), but not for RIα, the type I regulatory subunit of cAPK [33] . These two surfaces thus define two distinct sites that are essential for high affinity binding of the two classes of physiological inhibitors of cAPK.
Surface residues from both the small and the large lobes contribute to the protein-protein interactions along the c direction. In this direction, charged residues in the small lobe and the C-terminal tail (Asp41, Asp44, Lys63, Glu334 and Arg336) are in contact with the residues of the symmetry-related large lobe (Arg137, Pro141, Arg144, Ser259, His260, Phe261, Ser262, 263, Thr299 and Glu311): the carboxylate oxygens Oδ1 and Oδ2 of Asp44 are hydrogen bonded with the amide and the hydroxyl groups of the symmetry-related Ser263; the Oε2 of Glu311 is involved in an ionic interaction with NH2 of Arg336; and the carboxylate oxygens Oε1 and Oε2 of Glu334 accept hydrogen bonds from the hydroxyl group of Thr299 and NH1 of Arg144, respectively. The short contiguous stretch (residues 259-263) involved in these intermolecular contacts is in the loop preceding the I helix in the large lobe; the electron densities for these interacting residues are well defined. Except for the intermolecular triad, Arg133, Arg134 and Trp196 interaction, all other intersubunit interactions in the present complex without a peptide inhibitor are different from those seen in the previously solved structures of rC complexes [12] .
Discussion
Domain movements
The relative position of domains in crystal structures of liganded and unliganded proteins provide striking examples of protein flexibility. Crystallographic evidence for such conformational changes involving domain motions in small molecule kinases were first shown for hexokinase [34] and have been described in great detail for adenylate kinase [35] . The mechanisms for domain movements in these proteins involve both hinge and shear motions [36] . The larger hinge motions typically involve changes in the mainchain torsion angles, while the smaller shear motions involve interdigitating sidechains with changes in the sidechain torsion angles of less than 15°.
Previous structures of the C subunit revealed both closed and open conformations [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] . With the exception of a binary complex of the mammalian enzyme with a modified peptide inhibitor [9] , all assumed a closed conformation with the major variations being in the position of the glycine-rich loop. Whether this segment of the nucleotidepositioning motif is closed or open depends on which specific ligands occupy the active-site cleft. The fully closed loop is seen only in the ternary complex containing rC, Mg 2+. ATP and PKI(5-24). The overall conformation of the enzyme in the adenosine binary complex described here assumes an intermediate state that is distinct from both the open and closed forms seen previously. Least-squares superposition of the Cα atoms of the large lobe on the corresponding atoms in the closed rC Qualitatively the domain motion of the conserved kinase core can be described in terms of three bodies: the large lobe, the small lobe minus the glycine-rich loop, and the glycine-rich loop. There is not a simple single hinge point as suggested by Olah et al., [37] . The large lobe and the small lobe are related by one rotation axis; within the small lobe the position of the glycine-rich loop is determined by a second rotation axis. In the transition from the closed to the intermediate conformation the small lobe rotates by 4°w hile the glycine-rich loop rotates by 10°. In the transition from the closed to the open conformation the small lobe rotates by 11°but the glycine-rich loop rotation is still 10°. In other words, the glycine-rich loop has already rotated maximally in the intermediate structure. The additional movement is achieved by rotation around the large lobe/ small lobe axis.
The fact that each pair of structures can be superposed by a single rotation to reposition the small lobe would seem to suggest a simple hinge motion. However, the finding that the rotation axes for each pair are different and approximately intersect at a 46°angle shows conclusively that the actual transformation must be more complex than a simple hinge in the linker region (residues 121-127) as proposed by Olah et al., [37] . Even if the differing lattice contacts in the open, intermediate and closed forms partly contribute to this 46°difference in rotation axes, the fact remains that the correlated conformational changes that bring about the transformations involve the same stretch of residues.
The position of the C-terminal tail is also diagnostic for open and closed conformations (S Shaltiel et al., unpublished data). In the closed conformation the C-terminal segment (residues 315-334) covers the adenine-binding site on the front side of the active-site cleft (Figures 1 and  6a) and is stable as indicated by low and uniform B factors (Figure 6b) . In the open conformation this stretch of residues was either not seen (1ctp) [9] or was shifted away from the cleft (1cmk) [8] . In the present binary complex this segment is seen in a conformation similar to that observed in the closed conformation, however, the electron density for this segment was weak and exhibited higher B factors than the remaining C-terminal tail residues. Thus this segment is ordered in the closed rC Table 2 .
Based on the crystal structures of the mC and rC complexes, it is very likely that the concerted motion of peptide segments and the resilient characteristic of the glycine-rich loop in the small lobe, together with a less extensive interdomain surface, imparts to the enzyme the capability of closing and opening the active-site cleft. In solution, it is plausible that the enzyme is in a dynamic oscillating state between the open and closed conformations with the equilibrium shifted towards the open form in the absence of substrates or inhibitors. The presence of metal ions may also influence this equilibrium [25] . We believe for two reasons that the conformation of the rC . Ade complex in the crystal is essentially the predominant conformation in solution, remaining aware of the possibility that lattice interactions affect the protein conformation. Firstly, there are only two hydrogen bonds between the small lobe and the symmetry-related large lobe: the sidechain atoms of Asp44 in the small domain interact with the amide and the hydroxyl groups of the symmetryrelated Ser263 in the large lobe. In addition, as noted previously, there are only a few residues in the small lobe and the C-terminal tail (Asp41, Asp44, Lys63, Glu334 and Arg336) within 4 Å of the symmetry-related atoms. Secondly, the crystallization conditions used here are similar to those used in the crystallisation of the rC .
I
. Ade ternary complex [12] . The present binary complex rC . Ade, however, crystallized in a different crystal form. Therefore, in the present complex the influence of the crystallization conditions and the lattice contacts on the relative orientation of the small lobe with respect to the large lobe may be marginal. Presumably, the rC . ATP conformation in the crystal or in solution would be similar to that seen in the present rC . Ade complex. As discussed previously, the modeled triphosphate maintains interactions with the key residues, such as Lys72 and Glu91 and other residues in the active-site cleft, although there are fewer van der Waals' interactions with the glycine-rich loop. The binding of the peptide inhibitor or the substrate peptide to rC results in bringing the glycine-rich loop close to the triphosphate or diphosphate moiety, thus causing a complete or partial closure of the cleft, as seen in rC 
ATP.
The peptide-binding ledge
The binary structure of the C subunit described here reveals for the first time a conformational state of the enzyme without a bound peptide inhibitor. In the absence of the peptide inhibitor, PKI(5-24), there appears to be no significant changes in the enzyme residues on the surface of the conserved large lobe where the peptide docks (Figures 1  and 3c ) [12] . The absence of the inhibitor and the triphosphate of ATP does affect the relative position of the small lobe and the glycine-rich loop with respect to the large lobe, however, none of the residues and loops in the large lobe that interact, either directly or indirectly, with the peptide show any major change. The positions of the catalytic loop, the P+1 loop, and the DFG loop do not change, although each contact PKI(5-24) in binary and ternary complexes. This surface on the large lobe thus serves as a very stable ledge on which the peptide docks. No induced conformational changes occur in the large lobe as a consequence of peptide binding.
Ligand binding in the active site
One of the striking features revealed by the different rC and mC complexes is the varying interdomain spacing. If one views the active-site pocket as a wedge, the adenine ring is bound at the apex of the wedge and this portion of the cleft changes very little due to opening and closing. This is in contrast to the edge of the wedge, where large changes are seen. The C helix which contacts the large lobe as well as both the N-terminal and C-terminal segments of the enzyme plays a prominent structural role by linking the apex of the active-site cleft to its outer edge. In the closed conformation the edge is firmly held by the contact between His87 and Thp197.
The simplest form of molecular recognition is based on the size and shape of the binding site. The enzyme's inter-domain motion, as well as the intrinsic flexibility of the glycine-rich loop and the small lobe in general may be used advantageously for designing potent enzyme inhibitors with varying shapes and sizes. In particular, inhibitors could be designed with respect to the portion of the ligand that binds towards the thicker edge of the cleft. The adenine-binding pocket near the linker region appears to bind planar moieties with one or two fused cyclic rings [38] [39] [40] (NN, unpublished data) . The adenine-binding pocket is less influenced by domain movements than the mouth of the cleft, as it is located near the hinges or the points of rotation of the domain. Therefore, substitution or modification of this portion of the ligand seems to be of limited use in the design of inhibitors.
Nonetheless, the purine-binding site can be affected by the conformational changes within the domains.
C-terminal tail
The C-terminal tail (residues 301-350) embodies three distinct segments (Figure 7 ): residues 300-314 serve to anchor the tail to the large lobe (these residues have low B factors in all C subunit structures solved to date); residues 315-334 serve a 'gating' function that allows for access to the nucleotide-binding site; and residues 335-350 provide a stable anchor to the small lobe and also have low B factors. The degree of order in the gating segment varies widely depending on whether the enzyme is in a closed, intermediate, or open conformation. This segment can be divided into two subcomponents based on the variability of the B factors: residues 328-334 and residues 318-326. Residues Asp328-Asp-Tyr-Glu-Glu-Glu-Glu334 typically have low B factors and in the closed conformation this segment serves as a latch for the gate, with Tyr330 making contact with both the nucleotide and the P-3 arginine in PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . The carboxylate groups also make numerous contacts with the small lobe in the closed conformation. In the open conformation this segment is well ordered but exposed to solvent. This difference was also reflected in the reactivity of the carboxylate groups with a water soluble carbodiimide: in the free enzyme these groups are reactive but in the ternary complex they are protected [41] . The segment comprised of residues 318-326 is quite different; this section was either not observed or was poorly ordered in a very different conformation in the open state [8, 9] . In the intermediate conformation this segment is closed but the B factors are high. The flexible character of the C-terminal gate together with the flexibility of the nearby glycine-rich loop may facilitate access of the nucleotide into or out of the active-site cleft.
Thermal stability
The negatively charged phosphate groups of the nucleotide are surrounded by a number of conserved negatively charged residues: Glu91, Asp166 and Asp184. In the presence of divalent cations, the phosphate anions and the nearby enzyme residues interact favourably due to balanced electrostatic interactions. In the absence of cations, however, the nucleotide binds poorly presumably due to charge repulsion. The thermostability of the free enzyme is less than that of the rC Mg 2+. ATP complex is due to salt bridges involving ATP, Mg 2+ and the active-site residues. The thermal stability of the enzyme in the presence of adenosine is similar to the stability of the rC . Mg 2+. ATP complex and metal ions are not required for the enhanced thermostability. In the absence of both triphosphate and metal ions the crevice is filled with polar solvent molecules [12] which may suffice to create a stable electrostatic environment.
Biological implications
The protein kinases are a large family of enzymes with two main classes -enzymes catalyzing the phosphorylation of serine/threonine residues, and those catalyzing tyrosine phosphorylation. Although this family is very diverse, all protein kinases share a conserved catalytic core. One of the simplest protein kinases is cAMPdependent protein kinase (cAPK), and the catalytic (C) subunit of this enzyme serves as a template for the catalytic core of all eukaryotic protein kinases [2] . To date, Research Article Complex of the C subunit of cAPK and adenosine Narayana et al. 931
Figure 7
The C-terminal tail. (a) Schematic picture of the three distinct segments of the C-terminal tail (residues 301-350): the large lobe anchor, the C-terminal gate, and the small lobe anchor. Tyr330 (shown in yellow) makes contact with both the nucleotide and the P-3 arginine in PKI (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . the C subunit of cAPK is the only protein kinase that has been crystallized in an active form in the presence of both substrates and inhibitors.
We report here the structure of the catalytic subunit of mouse recombinant cAPK (rC) in complex with adenosine. The overall structure shows similarities to the previously determined structures of rC complexes, comprising a bilobal structure containing a number of conserved loops. The adenosine binary complex assumes an 'intermediate' conformation relative to the 'open' and 'closed' conformations of the enzyme described previously [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] . A comparison of various closed, open and intermediate conformations shows that the only conserved loop at the active-site cleft to move during the transition between these states is the so-called glycinerich loop, which lies over the phosphate groups of bound ATP. This study sheds some light on the ligand-induced conformational changes. The intrinsic flexibility of the glycine-rich loop seen in this and previously solved structures of rC complexes, as well as in other serine/ threonine-and tyrosine-specific protein kinases, suggest that it is a genuine phenomena of the protein kinase structure. Conformational flexibility of this loop is important for catalysis [42] . In some cases this loop may also inhibit catalysis, as in calcium/calmodulin-dependent protein kinase I [43] , and the cyclin A-Cdk2-p27 inhibitory complex [44] . The mobility of the glycinerich loop and the nearby nonconserved C-terminal gate provide an easy route to the active site for nucleotides. This mobility, together with hinge-bending motions of the small lobe, contribute to an 'induced fit' mechanism for catalysis.
The description presented here of a binary complex of rC with adenosine is the first structure of a cAPK C subunit to be determined with no bound peptide. The structure reveals that the ledge on which the peptide docks is very stable. Although the characteristic negative electrostatic surface of this ledge at the active-site cleft strongly influences substrate recognition, no conformational changes are induced as a consequence of peptide binding.
Materials and methods
Crystallization
The mouse rC was expressed in Escherichia coli and purified as reported previously [16] . Adenosine was purchased from Sigma Chemical Co. The rC . Ade binary complex crystals were grown at 4°C by the hanging-drop vapour diffusion method. The crystallization droplet contained protein (0.5 mM), adenosine (3 mM) and 2-methyl-2,4-pentanediol (MPD; 4%) in 100 mM bicine buffer at pH 8.0. The crystallization well solution was made up of 15% MPD and 100 mM ammonium sulfate in bicine buffer (100 mM; pH 8.0). The crystals grew over the course of 8-12 weeks to a final size of 0.2 × 0.3 × 0.5 mm 3 . Crystallization trials using polyethylene glycol 400 as precipitant, in accordance with the protocol described in the rC . I and rC . I . ATP complexes [45] , did not yield crystals.
X-ray data collection
The crystal was exposed to a graphite monochromated Cu Kα beam from a Rigaku RU-200 rotating-anode X-ray generator operating at 5 kW power. X-ray diffraction data to 2.6 Å resolution were collected at 4°C from a single crystal with Xuong-Hamlin multiwire area detectors [46] . The crystal has the symmetry of space group P2 1 2 1 2 1 with the unit cell dimensions a = 55.85 Å, b = 73.23 Å and c = 98.72 Å; and one binary complex molecule per asymmetric unit (V m = 2.5 Å 3 /Da; 51% solvent content) [47] . The structure-factor amplitudes (F obs ) were obtained from the raw data using the UCSD area detector data processing programs [48] . The X-ray data is 86% complete with an R sym (Σ|I obs -I ave |/Σ I ave ) of 0.094. The Wilson B is 45 Å 2 for 2.6 Å data. The crystal belongs to a new orthorhombic crystal form not seen previously for either the mammalian C subunit (mC) or the recombinant rC complexes [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] .
Structure solution and refinement
The structure of mouse rC complexed with adenosine was determined by the molecular replacement (MR) method using the Patterson correlation (PC) refinement option in the X-PLOR program [49, 50] . The atomic coordinates of both the closed and open conformations of rC (1apm) [7] and mC (PDB code, 1ctp) [9] , respectively, were used in the rotation function calculations. Several search models were made using these coordinates -all enzyme residues, the small lobe and the large lobe. Computations were performed with and without sidechains in the models, at different resolution ranges. An unambiguous and conspicuous rotation function solution after PC refinement was determined using the coordinates of mC. Translation search using the highest PC refined rotation function peak resulted in a clear MR solution (18σ) with an initial R factor of 41.0% for data between 10 and 4.0 Å resolution. Initial crystal packing analysis at this stage indicated that the residues Arg133 and Arg134 were involved in hydrophobic interactions with the symmetry-related Trp196, as seen previously in C subunit complexes [10] . This MR solution exhibited favorable intermolecular interactions and there was no overlap between symmetry-related molecules. Details of the MR solution are listed in Table 3. 932 Structure 1997, Vol 5 No 7 The MR model was divided into two rigid domains: the small and the large lobe. The conformation of the large lobe is known to be strongly conserved in all presently known kinase structures. The small lobe was further broken down into five segments based on their secondary structures shown in Table 4 . This segmented model of the enzyme was subjected to rigid-body refinement, a scheme similar to that adopted by Karlsson and co-workers [9] . The model was refined to an R factor of 39% with gradual addition of data to 2.7 Å resolution. Subsequent refinement continued according to simulated annealing slow-cool protocol with the temperature changing from 3000K to 277K in steps of 25K. This was followed by Powell minimization, overall B-factor and restrained individual B-factor refinements, which converged at R = 23.0% for 10-2.7 Å resolution (F > 2σ).
The X-PLOR refined model was further subjected to least-squares refinement using the conjugate direction algorithm in the TNT program [51] . A difference Fourier map calculated at this stage using 10-2.7 Å data clearly showed electron density for adenosine (Figure 2a ). Refinement proceeded with the inclusion of adenosine and data to 2.6 Å resolution (F > 0σ). In order to have better estimates of the B values, the model was refined using restrained B and bulk-solvent correction options. The correctness of the model was corroborated by omit maps in which 10-15 residues surrounding adenosine, and also in the small lobe, were removed from the refinement and map calculations. Most of the sidechains and the missing residues (318-326 and 339-340) in the probe model were reliably built into the structure using the molecular graphics program package TOM-FRODO [52] , via several rounds of difference Fourier maps and refinement. Computation of difference Fourier maps within the XtalView program suites [53] and the stereochemical check performed using the Biotech server [54, 55] helped to locate the problem areas in the structure. It was possible to rebuild reliably the Cterminal gate residues only in the final rounds of refinement after resetting B values to 40 Å 2 . The N-terminal residues (1-11) are invisible in the electron-density maps and are likely to be thermally disordered. A few ordered water molecules (12) were located in the F o -F c maps.
Cross-validation calculations [56] were performed using a 'test' set of reflections (T) obtained by a 10% random selection from the observed reflections and a working set of reflections (W) containing the remaining 90% of reflections used in the refinement. The enzyme model with the adenosine and water molecules converged at R = 20.5% over set W and R free = 34%. This final model gave an R factor of 21.9% for all data between 10 and 2.6 Å resolution (F > 0σ). The stereochemical quality of the structure and the backbone φ, ψ angles conform with the criteria of the program PROCHECK [54, 57] . Of all nonglycine residues, 98% fall in either the most favorable or additionally allowed regions of the Ramachandran plot, and there are no nonglycine residues in the disallowed regions. (See Table 4 for some details on structure refinement).
Electrostatic surface potential
In order to calculate the electrostatic surface potential of rC, formal charges were assigned to one or two atoms of the residues that have a net charge. Assuming all lysines and arginines to have an overall +1e charge, all aspartates, glutamates and the C terminus to have an overall -1e charge, all histidines to be neutral, and the phosphorylated residues 197 and 338 to have an overall -2e charge, the net charge calculated for rC was -1e. The set parameters for the dielectric constant were 2 within and 80 outside the protein, and the solvent ionic strength was set at 0.0.
Accession numbers
Atomic coordinates of the structure have been submitted to the Brookhaven Protein Data Bank with accession code 1BKX. Table 4 Refinement results. 
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